The results of high-resolution records of pollen, plant macroremains and charred plant particles, diatoms, Cladocera and geochemistry from a 14 C-dated core, and geomorphological studies enabled the reconstruction of landscape development at a site in western Poland which was occupied by Mesolithic hunter-gatherer groups. Special attention was paid to the evidence of human activities recorded in the sediments of the palaeolake located next to the archaeological site. The presence of pollen types from communities characteristic of openings in the forest, macroscopic/microscopic charcoal, and charred particles of herbaceous plants (mostly from between 5500 and 4600 bc, with clearly visible maxima ca 5300, 4900 and 4700 bc) evidence the changes related to these various kinds of activities. These analyses allowed us to reconstruct the fire events at and around the site as well as to consider whether they originated from natural or human induced fires. The increase in the biogenic sediments of elements such as Na, K and Mg indicate an intensive erosion of mineral soil between 5100 and 4600 bc, mirroring human activity in the vicinity of the Kopanica site. In addition, Cladocera analysis permitted a detailed recognition of palaeolake eutrophication ca 7200-4600 bc, also eutrophication induced by human impact between 5100 and 4600 bc.
Introduction
The reconstruction of the palaeoenvironment is an important part of the studies of Late Palaeolithic and Mesolithic settlements. Due to the specific character of the hunter-gatherer way of living, environmental conditions were significant factors in choosing camp locations and hunting strategies, in selecting equipment or in group reactions to climate changes. Equally important are multi-proxy analyses of the evidence of human impact on the landscape (e.g., Innes et al. 2013; Mortensen et al. 2014a, b; Taylor et al. 2018) .
Ten AMS 14 C dates made on plant macroremains produced data for the detailed chronology of the biogenic sediments and human occupation of the Kopanica 29 site. Palaeolimnological approaches provided important supporting information about human impact on the environment around its former settlements (Szeroczyńska 2002; Kittel et al. 2014) . Subfossil remains of Cladocera, a group of microcrustaceans, were preserved in the sediments. These aquatic invertebrates are widely used to describe climatic changes (e.g., Nevalainen et al. 2012; Pawłowski 2017) , changes in lake level (e.g., Nevalainen 2011) and to reveal the trophic status of lakes including human-environment relationships (Tóth et al. 2019) .
The multi-proxy study presented here employs palaeobiological, geochemical, archaeological and radiometric data to investigate the Mesolithic hunter-gatherer groups' impact on the landscape of this part of central Europe.
Regional settings
Kopanica is located in the western part of Poland, between two local physical geographic regions-the Zbąszyń Furrow and Kargowa Basin (Fig. 1a) , and is situated within a former subglacial channel (tunnel valley) of the Zbąszyń Lakes (Fig. 1b) along the Northern Canal of the Obra River (Fig. 1c ). Nowadays, water in the Obra River flows to the north, to the Warta River valley. During the Late Glacial period it flowed to the south, to the Warsaw-Berlin icemarginal valley. The Northern Obra Canal, and the second canal of the Obra River-the so-called Gniła Obra Riverare located to the west of Kopanica, and carved a system of elevations during the Poznań phase of the last Scandinavian ice sheet (the Weichselian Glaciation). Today, the Zbąszyń Lakes tunnel valley is shallow and filled by several lakes among which Zbąszyń Lake is the biggest. Alluvial silts, sands and gravels, as well as peats and gyttjas, are the main deposits covering the surface of the valley floor of the North Obra Canal. General descriptions of the geological and geomorphological setting of the study site have been presented by Krygowski (1972) and Multan (2003) .
Soils typical of a subboreal wet zone are observed at the studied area (Bednarek and Prusinkiewicz 1997) . They are mainly represented by podzols, developed from sandy, fluvioglacial deposits including sandur deposits after the last glaciation. The intrazonal soils are represented by fluvisols in the Obra valley (Bednarek and Prusinkiewicz 1997) .
Archaeological data
The archaeological site is located on the eastern edge of the Zbąszyń Lakes tunnel valley (Figs. 1c, 2) , at the highest point (ca 55 m a.s.l.) and on a slope of the highest fluvial terrace of the Obra River. The area of the Mesolithic camp at Kopanica covers ca 500 m 2 . Trenches were set mainly on the fluvial terrace and one ditch was dug out in the flood plain (Fig. 3a) . The fluvial terrace was built of silty and, in some parts, of massive sands. In the western part of the site, underneath the sands, thick and very diversified layers of peat were recorded (Fig. 3b ). During four archaeological seasons ca 12,000 flint artefacts, several tiny, heavily burnt animal bones and a lump of amber were recorded. Artefacts found in all of the trenches were distributed evenly and did not form any distinct concentration. A fact worth highlighting is that ca 35% of the flint artefacts were heavily burnt. In the central part of the investigated area, remains of a shallow Multan (2003) : 1-flat moraine plateau, 2-undulated and hummocky moraine plateau, 3-I level of moraine plateau (outwash plain), 4-II level of moraine plateau (outwash plain), 5-III level of moraine plateau (outwash plain), 6-outwash terrace, 7-troughs used by rivers and partly transformed by them, 8-dunes, 9-aeolian sand covers, 10-bottoms of rivers valleys, 11-accumulation terrace, 12-alluvian fan, 13-denudation plains, 14-biogenic matter accumulation plain (peat plains); c Hypsometric map of the Northern Canal of the Obra River, with the location of the investigated area. The study cores (K17A and K17B) are placed next to one another, and appropriate symbols used in the maps overlap each other pit-house, containing 77 flint artefacts and a fragment of burnt bone, were registered. The feature was 3.6 m in diameter. Twenty postholes, spaced at regular intervals and forming roughly two outer rings, were located around it (Fig. 3a; Bobrowski and Sobkowiak-Tabaka 2016) .
Almost all identified raw material was local, a poor quality non-pebble variety of erratic Baltic flint. Some artefacts were made of fine-grained quartzite and one trapeze was made of chocolate flint. People occupying the site used mostly small nodules of local raw material or chunks from cracked lumps, usually 50-60 mm in diameter.
Beside cores, flake and blade blanks, and debitage, the excavations produced typical Mesolithic tools, such as endscrapers, scrapers, macrolithic tools (one pick, two flake adzes), and insets-triangles and trapezes. The triangles and trapezes are commonly viewed as chronological markers for Late Mesolithic assemblages (after ca 6000 bc-Kozłowski and Kozłowski 1977).
Neither the location of the camp (on loose ground causing vertical and horizontal movement of artefacts), nor the uneven distributions of artefacts, nor the long [continuous?] occurrence of insets, even when viewed as chronological markers, allow us to distinguish these episodes by archaeological methods.
Moreover, surveys and excavations which have been carried out since the 1930s in this region, known as Wojnowo Region, show that the terraces of the Obra River valley are carpeted by thousands of lithic artefacts (Kobusiewicz 2016), indicating repeated settlement events in the Late Glacial and the Early Holocene. This phenomenon probably occurred due to favourable environmental conditions, especially a unique hydrographical system of lakes connecting the Obra River and the Obrzyca River valleys from the south and the Gniła Obra River from the north. These valleys may have been very important communication arteries and the source of fresh water and fishing (Hildebrandt-Radke 2016). Such regions, called persistent places, are commonly known from different parts of the world and various times (i.e., Schlanger 1992; Vanmontfort et al. 2010; Turner et al. 2013; Sobkowiak-Tabaka et al. 2018) .
The off-site analysis of materials also allowed us to distinguish several artefacts related to the Late Palaeolithic, i.e., a shouldered point-a typical projectile for the Hamburgian societies which recolonized the North European Plain after the Weichselian Glaciation, and tanged points, characteristic of societies existing in the Younger Dryas and the beginning of the Holocene. These artefacts attest to a short-time stay or penetration of the vicinity of the site rather than to the . Thicknesses were stained in shades of grey. The cores K17A and K17B are placed next to one another, and appropriate symbols used in the maps overlap each other Fig. 3 a Location of the trenches at the site against the topographic map; b Cross-section of the trenches. 1-humus, 2-pale yellow fine-grained clayey sand, 3-light brown weakly decomposed peat, 4-grey fine-grained sand mixed with humus, 5-dark brown highly decomposed peat, 6-yellowish weakly decomposed peat, 7-black highly decomposed peat, 8-dark brown well-decomposed peat, 9-light grey fine-grained gravel (after Bobrowski and Sobkowiak-Tabaka 2016 with modifications) permanent settlement of Late Palaeolithic societies, known from many sites located nearby (Kobusiewicz 2016 ).
Materials and methods

Fieldwork
Geological and geomorphological investigations covered the south-eastern fragment of the Zbąszyń Lakes tunnel valley (Figs. 1, 2) in the vicinity of the archaeological sites. A series of assessment drillings were done using a manual Eijkelkamp type sampler. In total, 58 profiles through limnic (gyttja) and telmatic (peat) sediments along 12 profile lines to the north of Kopanica were collected. The map of biogenic sediments, including gyttja deposits, was produced using the method of graphic interpolation (Fig. 2) . Sediment cores for palaeoenvironmental and geochemical studies were collected (using a manual Piston corer) where the thickest organic deposits were found (Fig. 2) . Two parallel cores, K17A and K17B, were taken to ensure sufficient overlap between the parts of the cores. The cores were approximately 0.5 m apart. In the laboratory, the cores were sliced into 1 cm interval sections for further investigations and stored in a cold room.
Palaeobiological data
Pollen
Samples for pollen analysis were taken every 2 or 4 cm. They were prepared according to standard procedures (Berglund and Ralska-Jasiewiczowa 1986) , using acetolysis for 3 min. Before the preparation of pollen slides, samples were stained with safranine. Every pollen spectrum was counted to at least 500 pollen grains of trees and shrubs (AP). Identification and taxonomy followed Beug (2004) and the collection of the Department of Biogeography and Palaeoecology AMU in Poznań. The sum of AP and herbs (NAP) formed the base for percentage calculations (calculation sum). Aquatics, telmatophytes and selected non-pollen palynomorphs (NPPs) were counted as well; however, these were not included into the calculation sum. Pollen diagrams were prepared in Tilia and Tilia Graph programs (Grimm 1992) and improved in CorelDraw (Fig. 4 ).
Plant macroremains
Samples for plant macroremains analysis were taken every 1 or 2 cm. Plant macrofossil samples were washed through a sieve with a mesh size of 0.25 mm at the BIAX Consult laboratory. The plant macrofossils captured on the sieve were subsequently identified, using a Leica-binocular incident light microscope at magnifications of × 6 to × 50. During analysis, special attention was paid to the occurrences of charcoal and other charred plant remains throughout the studied assemblages, which would possibly indicate human presence in the studied area. The selection of plant material for AMS radiocarbon analysis was carried out on both sediment cores, K17A and K17B. In Table 1 , the results of AMS radiocarbon dating are given for the site. The results of plant macrofossil analysis are presented as a Tilia Graph histogram in Fig. 5 .
Diatoms
Samples for diatom analysis were taken every 2 or 4 cm. The standard methods (Battarbee 1986) were used for the preparation of diatom samples. Between 300 and 500 diatom valves were counted in each sample in order to estimate the percentage abundances of particular taxa (Schrader and Gersonde 1978) . The diatom species were divided into groups according to their biotope requirements; planktonic, periphytonic and benthic groups were distinguished (Round 1981) . Diatoms were grouped with respect to their pH classification requirements according to Hustedt (1939) , trophic conditions according to Naumann (1932) , and saprobity according to Kolkwitz and Marsson (1908) .
The identification and ecological information were based on studies by Denys (1991) , Krammer and Lange-Bertalot (1986 , 1991a and Krammer (2002) . The percentage content of all ecological groups was estimated in each sample. Local diatom assemblage zones (LDAZs) were distinguished based on differences in the species composition, the relative frequencies of diatom taxa, and the prevalent ecological and habitat groups.
Cladocera
Each 1 cm 3 sample of deposit was processed according to the standard procedure (Frey 1986) . A minimum of 200 cladoceran remains per sample was identified. The taxonomy of cladoceran remains in this paper follows that presented by Szeroczyńska and Sarmaja-Korjonen (2007) . The ecological preferences of cladoceran taxa were determined on the basis of the published key after Bjerring et al. (2009) . A stratigraphically constrained cluster analysis (CONISS) was applied to distinguish cladoceran zones.
Geochemical data
Samples for geochemical analysis were taken every 2 or 4 cm. Geochemical analyses were conducted to determine organic matter, calcium carbonate, contents of terrigenous (Si ter ) and biogenic silica (Si biog ) and the metals sodium 1 3 (Na), potassium (K), magnesium (Mg), calcium (Ca), iron (Fe) and manganese (Mn). Loss on ignition (LOI) of organic matter content was the result of the combustion of dried samples at 550 °C while the calcium carbonate content was the result of combustion at 950 °C (Heiri et al. 2001 ). The total silica content was measured as the result of digestion in aqua regia in a water bath, while terrigenous silica content was measured after the dissolution of biogenic silica in a solution of sodium hydroxide. The metal contents were determined in digested liquid samples using flame atomic absorption spectrometry. The core was subdivided into local geochemical units based on the constrained hierarchical clustering algorithm implemented in the R package rioja (Juggins 2017) . The number of significant units was determined by the broken-stick algorithm, also implemented in the rioja package (Juggins 2017) .
Radiocarbon dates
Eleven AMS radiocarbon dates were obtained from the macroscopic plant remains, avoiding any rootlets and other contamination, and one fragment of bone (Table 1) . The AMS 14 C dates were calibrated using the online calibration program OxCal 4.3 provided by Bronk Ramsey (2009) and the IntCal13 calibration curve (Reimer et al. 2013) . Dates are given in calibrated years bc (Table 1 ). The age-depth model ( Fig. 6 ) was constructed using the algorithm of free shape modelling (Goslar et al. 2009 ). Additionally, one radiocarbon age was determined for the burnt animal bones. From the previous excavations, carried out in 2003, one more radiocarbon determination of burnt bone from a mammal was available (Bobrowski and Sobkowiak-Tabaka 2016).
Results
Lithology data and chronology of the core
The maximum depth of biogenic sediments at the studied site was about 550 cm ( Fig. 2a ). Gyttja was found only in 14 profiles and its maximum thickness was about 250 cm ( Fig. 2b) . Peat, very often highly decomposed, with silty and sandy components occurred in all profiles. There are a lot of thin layers of fine sand and sometimes a so-called peat matrix-this evidence shows a very dynamic environment. The sequence of biogenic deposits sampled for palaeobotanical and geochemical analyses is up to 550 cm thick and consists of various types of gyttja. The bottommost part (552-540 cm) was classified as gyttja with sand. The next layer, up to 330 cm, consists of detritus gyttja. In the upper part, coarse gyttja with a high proportion of sand was found. This was overlaid by a layer of coarse detritus gyttja at 316 cm. The presence of plants such as Nuphar and Nymphaea, as well as planktonic Cladocera, reveal aquatic conditions of sediment accumulation.
The results of fieldwork and the presented sedimentary succession suggest that there was a very small lake, not long (verified length is about 500 m), very narrow (width about 120 m), and meandering ( Fig. 2) , running collaterally with the axis of the Zbąszyń Lakes tunnel valley. The dominance of clastic components in the gyttja and peat sediments suggests a high intensity of denudation processes (i.e., runoffs and deluvial processes in the catchment area of the lake, also due to man-made pathways).
The results of 11 radiocarbon determinations point to dates from the Boreal to the Early Subboreal (Table 1) . The model age is not linear, suggesting a variable sedimentation rate along the core (Fig. 6 ). The mean rate of sedimentation, as determined from radiocarbon dates, is 0.45 mm a −1 . It fluctuates from low values of 0.12 mm a −1 at the onset of the middle Holocene to high values of The age-depth model (radiocarbon dates) and mean sedimentation rate of the Kopanica deposits 1 3 2.9 mm a −1 during the second part of the middle Holocene (Fig. 6 ). The pollen diagram does not indicate any hiatuses in the onset of the middle Holocene. Although a hiatus cannot be excluded, it is not probable as the drilling core was selected in the middle of the palaeolake and accumulation of gyttja took place deep in the water at that time. Such a low accumulation rate must have been caused by equable and poor living conditions in the lake.
Pollen analysis
Two-hundred and nine taxa were identified during the pollen analysis. On the pollen diagram they are divided into six groups: trees and shrubs, herbs, ecologically undefined, ruderals and disturbed habitats, cultivated, and NPPs (Fig. 4) . The last group includes algae, fungal remains and charred particles. The content of the terrestrial pollen was the base for CONISS analysis, which allowed for statistical division of the diagram for pollen assemblage zones (LPAZ). Six LPAZ's were distinguished ( Fig. 4) :
LPAZ I (depth 552-514 cm), early Holocene (Boreal) The high percentages of Pinus reveals that this tree was the major constituent of the regional vegetation. Corylus was the main admixture and the first thermophilous species expanding after the climate warming in the beginning of the Holocene. This is in agreement with the general pattern of migration of such species in Europe after the last glaciation (Huntley and Birks 1983; Ralska-Jasiewiczowa et al. 2004 ). Growth of Corylus is limited by both summer and winter temperature (Zagwijn 1994) , so its presence reveals real amelioration of climatic conditions. Sambucus nigra, Viburnum opulus and Cornus mas also appeared in the understorey. The Ulmus tree limit line was indicated by low values of elm-less than 1% (Huntley and Birks 1983) . In the younger part of this LPAZ, Pinus slowly decreased and Ulmus and Quercus took over some stands with a significant presence of Corylus. The low content of Betula and Juniperus pollen grains evidences the more closed landscape and poor conditions for these light-demanding taxa. Improvement of the climatic conditions is confirmed by the presence of pollen grains of Ilex aquifolium, which is an oceanic species and sensitive to winter frost (Zagwijn 1994) . It is limited to the areas of − 0.5 °C in the coldest month (Iversen 1944) . Salix species created the riparian plant communities together with ferns, Equisetum, Cyperaceae and sedges.
LPAZ II (depth 514-474 cm), early/middle Holocene (end of Boreal and the early Atlantic)
Pinus decreased and was less significant; however, it probably developed mixed forest communities with migrating Quercus and Corylus in the understorey. At the beginning of the Atlantic, following the earliest deciduous trees Ulmus and Quercus, two mesophilous species spread: Tilia and Fraxinus. They were not significant elements of the vegetation and poor soils could be the reason. Pollen grains of both Viscum and Hedera were identified indicating improvement of climatic conditions, with hot summers and mild winters (Iversen 1944) . Viscum can tolerate cold winters, − 8 °C in January, however it needs a warm summer with a mean of 16 °C in July to flower. Hedera, as an oceanic species, tolerates mild summers with mean of 12-13 °C in July, but needs mild winters with no lower January mean than − 2 °C (Iversen 1944; Zagwijn 1994) . Both species produce low amounts of pollen, so it is assumed that each pollen record indicates their presence in the area. The regional landscape consisted of a mosaic of deciduous forest with Quercus, Ulmus and Tilia, and Pinus woodland, which, on better soils, was also accompanied by Quercus. There was some pollen representative of open plant habitats, such as Rumex acetosella-type, Plantago lanceolata, Spergulariatype and Plantago maior.
The Boreal Period is the main time for Alnus spreading in Poland (Szczepanek et al. 2004) . Such a significant increase of Alnus was found in the area of the Kopanica site. The culmination values exceeding 14% of the calculation sum indicate that alder was a constituent species in local riparian plant communities. It was accompanied by herbs of wet habitats and telmatophytes such as Solanum dulcamara, Phragmites, Cyperaceae, Typha, Lythrum and Menyanthes trifoliata (Fig. 4) .
LPAZ III (depth 474-398 cm), middle Holocene (middle Atlantic)
During the climatic optimum, mixed deciduous forest still existed. Quercus and, to a lesser degree, Ulmus were the most important elements of these plant communities. Tilia and Fraxinus were insignificant or even absent in the area of the research. Tilia pollen grains are poorly dispersed because of the morphology of its pollen grains and entomophily of the tree (Środoń 1991; Kupryjanowicz et al. 2004 ) and are mostly underrepresented in pollen diagrams. Therefore the extremely low content of Tilia pollen in this phase proves its scarce presence in the region. Isopollen maps suggest an average content of 2-3% of Tilia for western Poland during the Atlantic, but local environmental conditions must not have favoured this species, which avoids wet, low-lying areas. Similarly, Fraxinus, represented in western Poland at the level of 2% , in the Kopanica site only exceeds 1% in spite of favourable wet habitats. Viscum and Hedera are still present, indicating mild winters and hot summers. However, due to their insect pollination, are only represented by single pollen grains (Granoszewski et al. 2004a, b) . Ilex aquifolium confirms the mild oceanic climatic conditions. Since ca 5200 bc the proportion of Ulmus increased a little and ca 5000 bc a higher proportion of Quercus is noted. There are few spores of Pteridium aquilinum, and pollen of Rumex, Plantago lanceolata, P. maior and P. media. A. Linum pollen grain was found at the depth of 440 cm. It was of the Linum usitatissimum-type, but rather small (42 µm)-according to Beug (2004) it comes from L. bienne, a wild form and ancestor of cultivated flax (Zohary and Hopf 1988 The stability of forest communities decreased because of the lower proportion of Ulmus. Tilia disappeared almost completely. Proportions of Pinus, Betula and Corylus are unchanged. A single grain of Viscum was found, the youngest one in the diagram, which confirms the final stage of climatic optimum, wetter conditions and the coming of the mild climate of the Subboreal. The local culmination of Alnus suggests the periodical increase of alder woods. The still high content of telmatophytes [Cyperaceae, ferns, Typha latifolia and (probably) T. angustifolia] implies good conditions for the development of wet habitats. The very high content of Urtica (above 5%) reveals eutrophic nitrogen-rich habitats occurring either in natural carrs and alder woods or in plant communities influenced by humans. Indicators of open places show some gaps in dense woods. A few remains of Diporotheca and a lot of charred particles were found.
LPAZ VI (depth 320-300 cm), late Holocene (Subboreal) Regional vegetation changed due to the decrease of Pinus and the increase of Quercus and Tilia. Betula declined due to dense forest canopy along with the light-demanding Juniperus and Poaceae. Mixed deciduous forest was more significant than before. The disappearance of Viscum suggests a slow deterioration of (thermic) climatic conditions after the Atlantic optimum of the Holocene. The persistent presence of Hedera helix indicates a mild, oceanic climate. Due to such a change, a clear spread of Alnus was found, probably in alder carr vegetation. In wet habitats, Typha (T. latifolia, Sparganium emersum-type), Cyperaceae (Carex-type, Cyperaceae) and ferns still occurred. The content of charred particles was much smaller compared to the previous phases.
Plant macroremains
Five local macrofossil assemblage zones (LMAZs), consisting of local vegetation and occurrences of macroscopic charred plant remains were described (Fig. 5) .
LMAZ-1 (depth 552-509 cm), Pinus-Betula-Typha: early through mid-Boreal What clearly emerges from the macrofossil assemblages is the presence of Pinus sylvestris (Scots pine) remains accompanied by the macrofossils of Betula pendula/pubescens (tree birches), which suggests that both pine and tree birches were locally well represented in the Boreal forest cover.
The macrofossil analysis also revealed the presence of marsh plants in the close vicinity of the sampling site: Typha (bulrush) (both species T. angustifolia and T. latifolia), Phragmites (reed), Eupatorium cannabinum (hempagrimony), Mentha cf. aquatica (water mint), Lycopus europaeus (gipsywort), Epilobium hirsutum (willowherb), Cicuta virosa (water hemlock), Oenanthe aquatica (waterdropwort), Menyanthes trifoliata (bogbean) and various sedges (Carex aquatilis, C. riparia, C. pseudocyperus, C. acutiformis and C. rostrata). They all would have grown in wet or swampy places along the water margins and in marshes. Some of these species are tall herbaceous plants, and their diversity suggests well-developed marsh vegetation. Plants indicative for open water such as Nymphaea alba (white water-lily), Nuphar lutea (yellow water-lily) and Hippuris vulgaris (mare's-tail) were also found. The water must have also been inhabited by aquatic animals such as fresh-water sponges (Porifera) and moss animals (Bryozoa).
The regular presence of charred Phragmites culm fragments, Phragmites leaf/culm epidermis, and (in a few samples) Typha stem fragments (with epidermal surface) show that the local marsh vegetation was subjected to fires during this phase. There are also finds of macroscopic wood charcoal in a few samples. Even though there is no archaeological evidence for human presence in the area during this time, it is very possible that the area was visited by Early Mesolithic groups and that human activity is most likely responsible for the episodes of recurrent burning of marsh vegetation.
The presence of macrofossils from plants typical of places with high levels of nutrients, such as Urtica dioica (stinging nettle) and Stellaria aquatica (water chickweed), may suggest an increased input of nitrogen in the soil. The input of nutrient, however, may have been either anthropogenic or natural, for example in locations along the bodies of nutrient-rich (eutrophic) waters.
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LMAZ-2 (depth 509-467 cm), Alnus-Typha-Nymphaea: late Boreal-early Atlantic This zone is characterized by the first appearance of Alnus glutinosa remains in the macrofossil record. There are also scattered but regular finds of Pinus and Betula. The diversity of marsh species and their frequencies in this zone are significantly lower than in the previous zones. Typha and Phragmites seem to be the dominant species in the marsh vegetation along the water margin. Nymphaea alba is well represented throughout the zone and, in some samples, is accompanied by Nuphar lutea. The presence of Najas marina (holly-leaved naiad) in the lowermost sample of this zone, suggests the improvement of climatic conditions, as this thermophilic plant acquired its maximum development during the Atlantic optimum.
Also characteristic for this zone are regular occurrences of charred fragments of Phragmites culms (stems), which in some samples are accompanied by isolated epidermis fragments. In one sample, a charred Phragmites caryopsis (fruit), still partially enclosed in its chaff, was also found. In another two samples, charred fragments of Typha stem or leaf were preserved. The charred assemblage was also characterized by the presence of Pinus needle remains and a single piece of macroscopic charcoal. As in the previous period, the presence of charred plant remains may possibly be explained as human activity in the area (even though there is no archaeological evidence for human presence). It seems that reed, and other marsh plants, would have been selectively and recurrently burnt.
LMAZ-3 (depth 467-394 cm), Alnus-Urtica-Phragmites: mid Atlantic
There are regular finds of Alnus glutinosa, and only scattered finds of Pinus and Betula. This zone is also characterized by the regular occurrence of Urtica dioica. Typha, which was a significant element of local marsh vegetation in the previous zones, now seems to be present to a smaller extent. Phragmites seems to be more important; it would have formed belts/stands of marsh and shore vegetation. Other marsh plants identified in the macrofossil assemblage included Alisma plantago-aquatica (water-plantain), Lycopus europaeus and Mentha aquatica. All occurred regularly through the zone, and were sporadically accompanied by Stachys palustris (marsh woundwort), Eupatorium cannabinum, Sparganium emersum (branched bur-reed) and sedges. The finds of Nuphar lutea are consistently recorded, whereas Nymphaea alba occurs less regularly when compared with previous zones. This feature may indicate a lowering of the water level. The presence of Najas marina may speak in favour of warmer climatic conditions.
The noticeably regular occurrence of Urtica dioica may be associated with soil enrichment, with extra nitrogen as a result of human activity in the area. Human activity may also be responsible for the regular presence of charred vegetative remains of Phragmites (stem fragments, epidermal remains), charred seeds of Typha cf. latifolia and charred seed remains of Mentha aquatica. It is possible that these charred remains are the result of deliberate burning of marsh vegetation, reed beds in particular.
LMAZ-4 (depth 394-352 cm), Alnus: late Atlantic Macrofossils have low frequencies and sporadic occurrences compared with the previous zones. The diversity of species in this zone is also lower than in the previous zones. There are scattered but regular finds of Alnus and only single records of Betula, Pinus and Quercus, low frequencies of marsh plants (Typha, Phragmites, Alisma plantago-aquatica, Mentha aquatica, Lycopus europaeus), and sporadic finds of water plants (Nymphaea alba and Nuphar lutea).
Charred vegetative remains of Phragmites are recorded only occasionally, which suggests that fire episodes may have been less frequent than in the earlier periods.
LMAZ-5 (depth 352-300 cm), Alnus-Urtica-Nuphar: late Atlantic-early Subboreal Also in this zone, the regular occurrences of Alnus glutinosa remains in the macrofossil record suggest well established stands of this tree on damp soils. Its preferred habitat is alder carr and/or riparian forest. Solanum dulcamara (bittersweet) would have also grown among the alder carr vegetation. Urtica dioica would have been well represented in the local vegetation. Typha is no longer present in the macrofossil record. There are scattered finds of a few other marsh plants including Phragmites, Rumex hydrolapathum, Stachys palustris, Mentha aquatica, Lycopus europaeus and a few sedges. Water plants occur more regularly compared with the previous zone, yet are represented only by two species: Nuphar lutea, dominant in the records, and Nymphaea alba, which occurs only sporadically.
The macroscopic finds of charred vegetative tissue (mainly stem fragments of Phragmites, also stem/leaf epidermis) show a regular presence through the entire zone.
Diatom analysis
One-hundred and nine diatom species were recorded (Fig. 7) . The diatom flora in the analysed section of the core was sparse and poorly preserved. Some parts of the core were completely devoid of diatom valves (i.e., 572-374 cm). Five local diatom assemblage zones (LDAZ) were distinguished based on statistical division.
LDAZ 1 (depth 374-370 cm) consisted of diatom flora assemblages that reflected a relatively high water level. Planktonic species (60-69%) dominated with the addition of species classified as periphyton (23-25%). Dominant among planktonic forms were Aulacoseira ambigua, Ellerbeckia arenaria and Cyclotella radiosa, C. choctawhatcheana. Among the periphytonic the most numerous were Staurosirella martyi, Staurosirella pinnata, Pseudostaurosira brevistriata, Amphora ovalis, A. pediculus and Epithemia adnata. The diatom composition indicated alkaline and alkaline to neutral waters, eutrophic with a moderate quantity of nutrients and with a moderate to heightened content of electrolyte, β-mesosaprobic as moderately contaminated. Diatom assemblages are typical for eutrophical water ponds and lowland lakes.
LDAZ 2 (depth 370-356 cm) consisted of damaged diatom valves with a few fragments that preclude identification.
LDAZ 3 (depth 336-344 cm) is characterized by the domination of periphytonic species: Ulnaria ulna, Pseudostaurosira brevistriata, Staurosirella pinnata, Cocconeis placentula and C. lineata. The trophic tolerance is wide. The occurrence of β-mesosaprobic taxa indicates a moderately contaminated environment. The depth of 344-328 cm was identified as zone LDAZ 4; it was devoid of diatom valves.
The uppermost zone, LDAZ 5 (328-300 cm), consisted of diatom assemblages dominated by periphyton taxa: Ulnaria ulna, Fragilaria brevistriata, Cocconeis placentula and C. lineata. These are diatoms typical for eutrophic to mesotrophic, alcalic waters with β-mesosaprobic, indicating moderately contaminated waters.
Cladocera analysis
The studied sediments contained 26 Cladocera species, belonging to four families: Bosminidae, Daphnidae, Chydoridae and Sididae. The cladoceran assemblages were mainly characterized by the dominance of the Chydoridae family, which is typically associated with benthic habitats. The planktonic taxa occurred in small proportions and reached only 0-12% in the assemblage. The frequency of Cladocera ranged from 200 to 6,320 individuals per cm 3 . No cladoceran remains occurred at 318 cm and 326 cm. Based on the composition and abundances of species, seven local cladoceran assemblage zones (LCAZ) have been distinguished (Fig. 8) .
LCAZ I (depth 552-512 cm): the frequency and diversity of cladoceran fauna was relatively low (not exceeding 13 taxa and 1,720 specimens LCAZ III (depth 480-408 cm): a decrease in frequency and diversity of the Cladocera (from 6,180 to 1,560 specimens, and from 19 to 9 taxa). Fossils of Ch. sphaericus, A. affinis and Ac. harpae dominated. The sediment-associated taxa exceeded 30% of the total Cladocera amount. At the end of this section, the macrophyte-associated taxa became more numerous. Pelagic taxa occurred sporadically.
LCAZ IV (depth 408-358 cm): Cladocera numbers and species fluctuated (from 2,760 to 6,000 specimens, and from 12 to 19 taxa) and therefore two subzones were distinguished. The pelagic forms still appeared occasionally.
LCAZ IVa (depth 408-380 cm): fossils of A. affinis dominated. However, macrophyte/sediment-associated taxa such as Ch. sphaericus, A. rectangula were becoming more numerous. The macrophyte-associated taxa such as G. testudinaria and E. lamellatus were quite abundant. At the same time there was an increase in the frequency of sediment-associated taxa such as Pl. uncinatus, L. acanthocercoides, M. dispar, Paralona pigra and D. rostrata, which exceeded 20% of the total number of caldocerans.
LCAZ IVb (depth 380-358 cm): fossils of Ch. sphaericus dominated. A slight decrease of A. rectangula was observed. The frequency of macrophyte-associated taxa such as Ac. harpae was still relatively high. The sedimentassociated taxa were slightly less abundant. Pelagic taxa (B. longirostris and D. pulex-group) occurred sporadically.
LCAZ V (depth 358-330 cm): systematic reduction of Cladocera numbers and species (from 4,460 to 240 specimens and from 14 to 4 taxa) was observed. Pelagic taxa did not occur. Fossils of A. affinis Ch. sphaericus and A. rectangula still dominated. The abundance of sedimentand macrophyte-associated taxa decreased slightly.
LCAZ VI (depth 330-316 cm): the frequency and diversity of cladoceran fauna was very low (not exceeding 6 taxa and 300 specimens) and included only fossils such as Ch. sphaericus, A. affinis, Ac. harpae, Al. nana, M. dispar and Pl. uncinatus which occurred sporadically. LCAZ VII (depth 316-300 cm): an increase in the frequency and diversity of cladoceran fauna (exceeds 2,140 specimens and 12 species). The littoral, macrophyte/sediment-associated taxa still dominated, with Ch. sphaericus and A. affinis. The macrophyte/sediment-associated taxa such as Ac. harpae and G. testudinaria were quite abundant. Both sediment-associated and pelagic taxa did not exceed 10% of the total amount of Cladocera.
Geochemical data
The analysed sections of cores K17A and K17B were subdivided into six local geochemical units (LGU1-LGU6) (Fig. 9 ). The content of terrigenous silica reflected variations in mineral material input from the catchment area; biogenic silica and organic matter are interpreted as being the result of variations in biogenic production in the water reservoir while changes in the contents of Na, K, Mg and Fe are seen as a reflection of changes in the erosion of the catchment area. Calcium carbonates and Ca contents in the lacustrine sediment are the result of accumulation from fauna shells or input from the lake drainage area. The iron to manganese (Fe/Mn) ratio and Mn content are often used to reconstruct oxidation and reduction conditions.
LGU1 (depth 552-512 cm) revealed a high content of terrigenous silica (74-92%), slight fluctuations of Na content (0.02-0.1%) and low values of the rest of the analysed geochemical parameters.
LGU2 (depth 512-480 cm) is conspicuous with upwardly increasing contents of organic matter (from 19 to 43%), calcium carbonates, Na, K, Ca, Mg, Fe and with a low content of terrigenous silica (12-40%).
LGU3 (depth 480-444 cm), is characterised by an upwardly increasing content of terrigenous silica and by a decrease of the rest of the analysed parameters.
LGU4 (depth 444-400 cm) and LGU5 (depth 400-326 cm) are similar and reflected distinct fluctuations of the contents of organic matter (6-35%), calcium carbonates (0.3-3.7%), biogenic silica (1-44%), Na (0.02-0.1%), K (0.006-0.03%), Ca (0.6-4%), Mg (0.01-0.16%), Mn (0.005-0.2%), Fe (0.1-4.3%), and the Fe/Mn ratio, with distinct peaks at depths of 400, 384 and 344 cm.
LGU6 (depth 326-300 cm) revealed a distinct upward increase of organic matter (from 3 to 20%) and Fe/Mn ratio (from 24 to 150) with slight fluctuations of the rest of the analysed parameters.
Discussion
Although fire in the middle Holocene has often been associated with climatic factors and the composition of natural vegetation, we suggest, as have others (Dietze et al. 2018 ), Fig. 9 Geochemical data from Kopanica.
LGU local geochemical units that charred plant remains that are preserved in macroscopic and microscopic records allow detection of Mesolithic activities despite low population densities. Latałowa (1992) concludes that regular fires on sandy soils favour the development of a rich herbal layer with Pteridium aquilinum as a dominant species because of its preference for ash content in the soil. In the pollen diagram from Kopanica, P. aquilinum developed constantly since 7500 bc together with the increase of Calluna vulgaris and Vaccinium pollen types as indicators of a loose forest canopy (Fig. 10) .
Some disturbance of the forest and evidence for open areas in the forest may be indicated by the presence of understorey taxa or herbs in the pollen record. Artemisia, Calluna vulgaris, Pteridium aquilinum and Juniperus occurred in patches of pine-forest. Frangula, Viburnum opulus and Sambucus nigra-type appeared in deciduous woodlands of different types. Melampyrum was observed as being more frequent when indicators of human activity increased (Behre 1986 ). There were also many species coming from open plant communities typical today for wet or fresh meadows (Rumex acetosa, Valeriana officinalis, Fallopia convolvulus) or dry, sandy habitats (Centaurea scabiosa, Mercurialis annua, Jasione, Rumex acetosella-type, Artemisia). Open areas in the forest were indicated by many species from an "ecologically undefined" group: Aster-type, Anthemis-type, Cichorioideae, Hypericum, Lotus-type (Latałowa 1992; Ralska-Jasiewiczowa and van Geel 1998) .
The changes related to the presence of Mesolithic groups in the Kopanica area have also been detected by other analyses. Pediastrum boryanum is a species of green algae indicative for high-trophy conditions (Komárek and Jankovská 2001) . It culminates at ca 6800, 5400, 5300 and 4900 bc, suggesting meso-or eutrophic conditions in the lake (Fig. 10 ). Since ca 5300 bc Glomus and since ca 5200 bc Diphorotheca remains occasionally appeared. They are indicative for erosional processes (van Geel and Aptroot 2006) , which could be related to human presence in the lake catchment. It is also highly probable that the presence of Urtica dioica between ca 5300 and 4800 bc may indicate human activity in the area (Fig. 10) .
This species usually grows on humid and nitrogen-enriched soils of alder carrs. It is indicative for episodic openings in dense woods and/or human-induced increase of trophy.
The presence of charred plant remains in both macroscopic and microscopic records from Kopanica is of particular interest to us because it suggests that local fires would have burned at or near the site. The question is whether these fires were natural or anthropogenic, induced by Mesolithic groups who visited the area during the Boreal and particularly during the Atlantic. A comparison of both macroscopic and microscopic records reveals that the charred particles derived mainly from herbaceous plants (see Fig. 10 ). The macroscopic record shows that they were mainly charred culm fragments of Phragmites (see Fig. 11a ) and occasionally stem/leaf fragments of Typha that were deposited in gyttja sediments. In addition to charred vegetative parts, charred seed remains of Phragmites, Typha (see Fig. 11b ) and Mentha were also recorded. Only occasionally were Pinus needle fragments and Pinus wood charcoal present in the macrofossil record. Microscopic particles found in the pollen samples derived mainly from charred leaf/stem epidermis of grasses (including Phragmites), which is suggested by a characteristic deep-wavy appearance of charred epidermal cell walls (ESM). Microscopic charcoal particles were noticed occasionally. What is truly interesting about the charred macroscopic and microscopic assemblages is the fact that a significant majority of the charred remains derived from marsh vegetation (Phragmites in particular). It is rather unlikely that natural fires would start in this vegetation zone. Instead, the deliberate burning of marsh vegetation by the Mesolithic groups who frequented the area is a most plausible scenario. This, however, does not exclude the occurrences of fire in a forest, on dry ground. These fire episodes may have been responsible for the presence of charcoal particles in the Kopanica macroscopic and microscopic assemblages, and for disturbances and openings in the forest, which are indicated by the pollen spectra. The cause of fire may have been natural-or induced deliberately by people, to create a living area, for example. Some of the charcoal particles may have simply derived from hearths and/or cooking fires.
The evidence for the burning of local marsh vegetation at other hunter-gatherer sites in temperate Europe has been presented earlier. One of the best documented examples of intentional and recurrent burning of reed beds comes from the Early Mesolithic site at Star Carr in England (Hather 1998; Law 1998) . The burning of marsh vegetation was also suggested for the Early and Middle Mesolithic river dune site at Rotterdam-Yangtzehaven in the Netherlands (Kubiak-Martens et al. 2015) .
The burning of local marsh vegetation may, however, be older than the Mesolithic tradition. For example, in Całowanie (in central Poland), charred remains of marsh plants were found in the Early Mesolithic but also in the Late Palaeolithic macrofossil assemblages (Kubiak-Martens and Tobolski 2014). Human-induced fires are clearly indicated in charred microscopic and macroscopic assemblages from other sites in the Wojnowo Region (dated to the Late Palaeolithic and Early Mesolithic), including those from earlier studies of the Kopanica site (Kubiak-Martens 2016; Okuniewska-Nowaczyk 2016). Also, charred macroscopic and microscopic remains of marsh plants from Lubrza (in western Poland) indicate that various activities associated with the presence of the Late Palaeolithic Federmesser and, later, the Swiderian groups in the area, such as setting up camp fires and also the burning of marsh vegetation, are likely to be responsible for the occurrence of charred remains (Sobkowiak-Tabaka et al. 2018) .
Therefore, we suggest that the occurrences of charred remains in the Kopanica sequence dated between ca 8200 and 7500/6000 bc (and probably earlier), followed by an increase of these remains between ca 5500-4600 bc, is associated with use of fire by Mesolithic hunter-gatherers. This period also coincides with a cycle of human fire usage in land management, especially in northern and eastern Germany, and northeastern Poland, between ca 6500 and 4000 bc (8,500-6,000 cal bp; Dietze et al. 2018) . Although in this period the general fire trend is decreasing, we can observe some periods of fire trends which increase in the Late Mesolithic and which could coincide with our results. The maxima in charred remains at the Kopanica site peaked at ca 5300, 4900, and 4700 bc (Fig. 9) . The Mesolithic groups who made recurrent visits to the Kopanica area during the middle Holocene would have deliberately set fire to the local marshes. This was, perhaps, to improve hunting strategy (Mellars 1976) or to increase the yield of plant foods (e.g., Innes and Blackford 2003) or just to improve (and maintain) access to open water.
Large amounts of burnt flint and bone artefacts may be a result of using fireplaces at the camp. However, due to dry, acidic sandy soils, which offer poor preservation conditions (Sergant et al. 2006) , neither hearths, ashes nor burnt ground were registered during excavations. Two more explanations are worth taking into consideration. The first one refers to the aforementioned (natural) fires, producing temperatures high enough to damage archaeological remains (Stahlschmidt et al. 2015) . The second one is the burning of vegetation by Mesolithic groups who repeatedly frequented this area.
Preliminary results of use-wear analysis, conducted by Bernadeta Kufel-Diakowska, showed the use of artefacts as projectiles, and the processing of game, hide and also herbaceous plants with high silica content. Both pollen and macro-remains of such plants, i.e., Phragmites, Carex sp., Typha sp., Equisetum sp. and Artemisia, were recorded in biogenic sediments from the studied core (Figs. 4, 5) . Plant fibres and twigs played an important role in manufacturing various types of containers, ropes, mats, bags etc. (i.e., Osipowicz 2019; Sobkowiak-Tabaka and Kufel-Diakowska 2019).
The aquatic invertebrates at the Kopanica site occurred in considerable numbers throughout the investigated sediment core (Figs. 8, 10) . Some of the cladoceran taxa can be considered significant indicators for the increase of laketrophy: Bosmina longirostris, Alona rectangula, Chydorus sphaericus, Leydigia acanthocercoides, Pleuroxus unicnatus, Disparalona rostrata and Alona quadrangularis (Whiteside 1970; Szeroczyńska 2002; Pawłowski 2011 ). Therefore, based on changes in the Cladocera assemblages, we can distinguish several phases of trophy increase at Kopanica between ca 7200 and 4600 bc. Although the increased trophic status of the lake at Kopanica during the middle Holocene was probably related to natural processes associated with favourable climate conditions rather than to the Late Mesolithic settlement, we can consider such situations. Generally, lake sediment columns located at the frequently populated areas of human occupation record the strongest aquatic assemblage responses in the cultural layers, since these areas would receive the highest amount of organic material causing increased nutrient concentration and biological productivity (Tóth et al. 2019) . It would be logical to assume that the economic activity of Mesolithic groups of hunter-gatherers mainly focused on forested areas and lakeshores where they cleared the undergrowth with fire. Such activity does not indicate a massive organic material load into the lake water, as was the case in later cultural periods (Szeroczyńska 2002; Kittel et al. 2014 ). However, it is possible that aquatic invertebrate assemblages in the water at Kopanica from the Mesolithic layers exhibited weaker but also consistent biological responses. During periods of increased lake-trophy in ca 7200-5300 bc and 5100-4600 bc (Fig. 9 ), a clear decrease in water quality during the deposition of the cultural layers is supported by the appearance of cladocerans (Chydorus sphaericus, Alona rectangula, Pleuroxus uncinatus, Leydigia acanthocercoides, and Disparalona rostrata) which are tolerant of fertile/turbulent water (Kittel et al. 2014; Pawłowski et al. 2016a ). On the other hand, between these periods, the temporary increase of the Monospilus dispar taxon (a sediment-dwelling species, preferring higher water transparency and mesotrophic conditions) in the lake has been observed (Frey 1986; Pawłowski et al. 2013) . Therefore, we have also assumed that the presence of aquatic invertebrates in the lake at Kopanica indicated that human impact likely resulted in mineral material loading and, to a lesser degree, nutrient input into the water during the cultural period. This thesis confirms the results of geochemical analysis and the higher sedimentation rate (ca 2.5 mm/year during ca 5100-4600 bc). During ca 5100-4600 bc (Fig. 10) particularly distinct fluctuations of the contents of soluble metals (Na, K and Mg) and the concentration of Si ter reflected input of these elements from the catchment area as the result of intensive erosion of mineral soil and a low level of leaching. Jones and Keen (1993) reported examples of a greater influx of Na, K, Mg and Fe to the sediments of the lakes that were the result of heightened mineral soil erosion after forest destruction within the catchment area. Similarly, an increased concentration of Si ter and increasing values of Na and K may indicate drastically enhanced mechanical denudation in the immediate vicinity of the study site (Pawłowski et al. 2016b ), or shows the coincidence of human activity and the physical erosion of the catchment (Pawłowski et al. 2015) . However, some periods of enhanced erosion and changes in trophic status of the lake are partly shifted in time in contrast with periods of particularly distinct concentrations of charred microscopic and macroscopic remains, especially between ca 5300 and 5100 bc (Fig. 10) ; this phenomenon may have its explanation in anthropogenic fires caused by Mesolithic groups visiting the area. Later, this activity influenced the increase of erosion (e.g., expressed in high sedimentation rate) and, consequently, the increase of turbidity and fertility in the lakeshore which, finally, affected aquatic invertebrate assemblages. After that, a temporary increase in lake water transparency took place, which can be defined as a mesotrophic phase of water conditions. Therefore, periods of increased concentration of charred remains are not always simultaneous in time with periods of enhanced erosion and changes in trophic status of the lake (higher lake productivity). Alternatively, these periods may indicate at least two separate activity episodes of Mesolithic groups in the studied area. This hypothesis is confirmed by radiocarbon age determinations (6,500 ± 40 and 5,870 ± 40 bp) for the burnt animal bones found in 2018 in the layers of trench "n" and inside the dwelling structure in 2003 (Bobrowski and Sobkowiak-Tabaka 2016)-see Table 1 . The aforementioned results suggest separate settlement episodes (ca 5,500-5,300 bc and ca 4900-4700 bc) rather than permanent occupation of the Kopanica site.
Conclusions
Even though the Mesolithic groups in the studied area are relatively well known (Hildebrandt-Radke 2016; Kobusiewicz 2016), there are not many radiocarbon dates from the Late Mesolithic/Early Neolithic archaeological sites from western Poland. Therefore, our results bring some new information about human population before ca 4500 bc. Thus, we are involved in the discussion about the possibility that climate change (temperature rise) in the middle Holocene might have been responsible for the coincidental population increase (Warden et al. 2017 ). This phenomenon led to cascading effects, such as changes of type of settlement, cultural composition, introduction of farming, increase in the efficiency of the use of the energy capacity of the environment and other mechanisms for the coming neolithisation process (e.g., Kelly 2013; Hamilton et al. 2016) .
The results of the combined macroscopic and microscopic botanical analyses allow a more specific interpretation of Mesolithic activities at and near the Kopanica site. The presence of charred remains of herbaceous marsh plants in particular suggests that burning of the local marsh vegetation may have been a common and recurrent practice to maintain access to open water or to improve hunting strategy and/or to increase the yield of edible plants. In addition, such activities of Mesolithic hunter-gatherers could have influenced the relatively strong increase of erosion of the lakeshore, and the increase of fertility in the lake which, finally, affected aquatic invertebrate assemblages.
